Abstract Water levels within Loktak Lake, an internationally important wetland, are regulated to prioritize hydropower over other ecosystem services. High water levels have impacted ecological conditions, in particular floating vegetated islands. Barrage operation options prioritizing hydropower, agriculture and the lake ecosystem are developed using a lake water balance model. Current hydropower abstractions can be maintained without ecologically damaging high water levels. Enhanced agricultural abstractions reduce levels to meet ecological requirements. The latter could be satisfied without compromising current hydropower and agricultural abstractions. An integrated option shows it is largely possible to balance hydropower and agricultural abstractions with wetland water-level requirements. Sustainability of barrage operation options is assessed under climate change scenarios. Higher monsoon precipitation and river flow can be accommodated. Larger dry-season drawdowns impact most barrage operation options, especially the integrated option. Results demonstrate the requirement to consider current and potential future climatic conditions when developing wetland water-level management plans.
INTRODUCTION
Wetland ecosystems provide a wide range of goods and services for human populations that contribute to human well-being and poverty alleviation (Emerton and Bos 2004 , MEA 2005 , Barbier 2008 ). These contributions have been estimated at trillions of US dollars every year (Ramsar Bureau 2010) . The livelihoods of people living in and around wetlands, especially in less-developed regions, often depend partially or entirely on wetland ecosystem services. For example, in Cambodia, fish from the freshwater Tonle Sap wetland lake provide 60-80% of the country's animal protein, while the Laguna El Jocotal, a shallow floodplain lake in El Salvador, provides water to 10 000 people throughout the dry season (IWMI 2006) . Although wetlands cover a relatively small area of the Earth's surface compared to some other ecosystems, they have disproportionately large biological diversity. For example, wetland plants comprise 31% (6728 species) of the total flora of the USA (NRC 1995) , the Amazonian floodplain supports more than 3000 species of fish, while the Vietnamese part of the Mekong Delta supports 247 species of birds (Gopal 2009 ).
Despite their importance, and the goods and services they provide, wetlands have been subjected to pressure from multiple human activities, such as water diversion, reclamation, pollution, and the overexploitation of natural resources (Baker and Maltby 2009) . Increases in human populations and economic development are significant factors driving wetland degradation as demands for food, water and land increase (Valiela et al. 2001 , UNEP 2006 , Worm et al. 2006 , Kareiva et al. 2007 ). Even flagship wetlands, recognized as internationally important under the Ramsar Convention (which include Loktak Lake, the focus of this paper), have been subjected to these pressures and resulting ecosystem changes ). This process frequently occurs when particular goods and services provided by a wetland, or elsewhere within its catchment, are favoured over others. In many cases, this results in the provision of the favoured services being increased at the expense of others (Gichuki et al. 2009 ). The implications for other ecosystem services, or the integrity of the overall ecosystem, have frequently been overlooked (e.g. Lemly et al. 2000 , Dyson et al. 2003 , Kingsford et al. 2006 , Sima and Tajrishy 2006 .
Failure to adequately understand and evaluate the trade-offs between different ecosystem services provided by wetlands and their catchments can lead to use and user conflicts, sub-optimal allocation of resources, conflicting policies of different sectors and, in many cases, resource degradation (Korsgaard 2006, Friend and Blake 2009) . Wetland ecosystems have an economic value in relation to the water management-related environmental services that they provide (Bullock and Acreman 2003) . However, this value is often poorly understood and, as a consequence, it is frequently omitted from decision making. This often results in the loss of economic values as wetlands are degraded or destroyed (Emerton and Bos 2004) . Failure to consider the values provided by ecosystem services in current policy and management decisions is a major reason for the widespread loss of many ecosystems and habitats, including wetlands, across the globe (MEA 2005) .
Incorporating wetland ecosystem functioning within trade-offs involving multi-stakeholder scenarios requires the assessment of environmental water allocations designed to sustain healthy aquatic ecosystems into the future (e.g. GWP 2003 , Postel and Richter 2003 , Hart and Pollino 2009 . The release of environmental flows from existing dams and other barrages has, for example, been advocated as a way of reversing downstream wetland losses and restoring the provision of ecosystem services provided by wetlands (e.g. Scudder 1991, Thompson and Hollis 1995) . Significant advances in the development of these environmental flows have been made in North America (e.g. Peck et al. 2004) and Australia (e.g. Harman and Stewardson 2005, Kingsford and Auld 2005) . In India, the release of environmental flows from the Naraj Barrage upstream of the Chilika Lagoon Ramsar site was given primacy in barrage operation policy to sustain the ecological functioning of the lagoon ecosystem (CDA 2004) . These examples relate to wetlands where environmental flows are provided from upstream releases. However, the restoration of environmentally targeted water levels has also been proposed for wetlands where downstream impoundments have altered water levels due to management that is focused on certain ecosystem services. For example, a revised water-level management plan (Ni et al. 2006) has been developed for Tram Chim National Park, the largest remnant of the once extensive Plain of Reeds within the Vietnamese Mekong Delta (Beilfuss and Barzen 1994) . Habitat loss and associated reductions in many environmental services had resulted from past management that promoted high water levels to prevent fire, to which the ecosystem is actually well adapted. Using water balance approaches, revised operation plans for the sluices in the park's boundary embankment were devised in order to facilitate a dry-season drawdown. Similar water balance modelling has been undertaken for other lakes and associated wetlands to address a range of issues, including assessment of the impact of hydropower withdrawals from Lake Toba, Indonesia (Acreman et al. 1993) , and the reconstruction of historical water levels within three crater lakes in Western Victoria, Australia (Jones et al. 2001) , Lake Ihotry, Madagascar (Vallet-Coulomb et al. 2006 ) and Lake Victoria (e.g. Tate et al. 2001) . The latter water balance model has been extended to assess climate change-driven impacts on Lake Victoria's water level (Tate et al. 2004) .
Projected intensification of the hydrological cycle associated with rising global temperatures (IPCC 2007) may impose additional constraints upon the management of water (Kundzewicz et al. 2007 , Bates et al. 2008 and wetland resources (Ramsar Bureau 2002 , Erwin 2009 ). This could impact on the feasibility of environmental water allocations and trade-offs between environmental services developed under contemporary climatic conditions. Wetlands are particularly sensitive to changes in local and catchment-wide climate , with modifications to hydrological regimes likely to have implications for wetland flora and fauna and, in turn, the conservation significance of some sites (Matthews and Quesne 2009) . Climate change-driven changes to hydrological, biological and biogeochemical processes within wetlands may also impact on the environmental services they provide. This paper presents findings from research undertaken on Loktak Lake , an internationally important lacustrine wetland, in northeast India. Using a water balance model that incorporates catchment inflows provided by fully-distributed hydrological models, and outflows associated with major abstractors of water, three operation options for the barrage which impounds the lake are developed that each prioritize one ecosystem service. A fourth option aims to balance the requirements of these three services. The implications of climate change upon the four different barrage operation options are subsequently investigated using two groups of climate change scenarios, the first employing results from seven GCMs for a 2
• C rise in global mean temperature, and the second focusing on results from one GCM for a range (1-6 • C) of temperature increases.
LOKTAK LAKE
Loktak Lake, located in the state of Manipur, is the largest freshwater wetland in northeast India (WISA 2005) . It covers an area of 287 km 2 and has a total catchment area of 4947 km 2 ). The catchment is divided into eight major sub-catchments, although inflows from two have been diverted away from the lake so that the present catchment area is 4241 km 2 (Fig. 1, Table 1 ). The Manipur River, which drains from the lake, is a tributary of the much larger Irrawaddy basin (total area 413 710 km 2 ). The lake is located within a central valley covering 28% of the total Loktak catchment. The elevation of the catchment varies from 800 m above mean sea level (a.m.s.l.) in the valley to over 2500 m a.m.s.l. in the surrounding mountains. Rocks are primarily Tertiary and Cretaceous sedimentary formations, in particular limestones, with minor metamorphic and igneous intrusions. The valley bottom is covered with alluvium derived from the weathering of the underlying argillaceous rocks and deposited in areas of low gradient (PWD 1967) .
The catchment is characterized by a tropical to semi-tropical climate, while at higher altitudes the climate is semi-temperate to temperate (WAPCOS 1993) . Climate is driven by the Indian sub-continent's southwestern monsoon. The rainy season starts with the onset of the monsoon in June and continues until September. These four monsoon months account for 63% of the annual average catchment precipitation of 1409 mm . The mean annual temperature for meteorological stations within the valley is 20.5 • C. Mean summer (May-July) temperature is 24.0 • C, while the mean temperature in winter (November-January) is 14 • C. Mean annual potential evapotranspiration (PET) for the catchment is 1063 mm.
Forest covers approximately 64% (3150 km 2 ) of the catchment, with the principal forest types comprising tropical semi-evergreen, subtropical pine and montane wet temperate forests (FSI 2003) . However, over 83% (2620 km 2 ) of this forested area has been subject to varying degrees of deforestation. Relatively pristine forests are now restricted to higher elevations. Most of the agricultural activities and settlements are concentrated in the valley, although some shifting cultivation (known locally as jhum) is practised in hilly areas.
Loktak Lake varies in depth between 0.5 and 4.5 m (WAPCOS 1993 , LDA and WISA 1998 , Trisal and Manihar 2004 ). Seasonal variations in water level reflect seasonality in precipitation and, in turn, river flows. The most prominent characteristic of the lake is the occurrence of floating heterogeneous masses of soil, vegetation and organic matter at various stages of decomposition, known locally as phumdis (e.g. WAPCOS 1988 , Singh and Shyamananda 1994 , LDA and WISA 2003 . The Keibul Lamjao National Park (KLNP), located in the southern part of the lake within an extensive areas of phumdis, is the only floating wildlife sanctuary in the world (Trisal and Manihar 2004). It is the only natural habitat of the world's most endangered ungulate species, the brow-antlered deer (Cervus eldi eldi) or Sangai (Dey 2002 , Angom 2005 . In addition, the lake supports a large biodiversity including 428 species of animals (249 vertebrates and 179 invertebrates) and 132 plant species (WISA 2005) . The total faunal as well as the floral diversity is likely to be much higher as many species have yet to be scientifically described.
Loktak Lake is of great importance to the socioeconomy of the region. Its ecosystem services are associated with the utilization of the lake's water, fish and aquatic vegetation. In this way, it supports a human population of 279 935 living on it and are found in abundance within the lake. Many plant species, including Coix, Phragmites and Saccharum, are used locally as firewood, especially for fish drying, smoking and cooking. Historically, the lake provided a breeding habitat for migratory fish from the wider Manipur and, in turn, Irrawaddy rivers. Fish remains a major component of the diet of local people. Seasonal inundation of the lake's marginal areas, as well as the floodplains within the valley, and the associated deposition of nutrient-rich sediment have benefited the productive agricultural sector. These areas contribute some 65% of Manipur's annual rice production, as well as pulses, tobacco, potatoes, chillies and other vegetables for local consumption. Sugarcane and citrus fruits are the main cash crops. Due to its socio-economic importance and rich biodiversity, Loktak Lake was designated as a wetland of international importance under the Ramsar Convention (LDA 1996, Singh and Shyamananda 1994) in 1990. It is also listed as a priority wetland for intensive conservation and management by the Government of India (Trisal and Manihar 2004, MoEF 2007) . However, developments within the lake and its catchment have caused significant impacts on hydro-ecological conditions, with consequences for the delivery of ecosystem services. As a result, Loktak Lake has been included on the Ramsar Convention's Montreux Record, which lists those internationally important wetlands where changes in ecological character have occurred, are occurring, or are likely to occur. Pressures on the lake include deforestation, potentially leading to enhanced soil erosion and, in turn, elevated sedimentation rates. Pollution from the surrounding agricultural land has resulted in nutrient enrichment, while, in some areas, sections of phumdis have been towed to central open water areas to act as floating fish farms (Hay 1998 , James 2000 , ERM 2003 . Agricultural encroachment around the lake margin has increased in recent years, water is abstracted from the lake for irrigation, and further irrigation schemes are proposed. However, the largest impacts have been associated with prioritization of one ecosystem service, the provision of water for hydropower generation. The Ithai Barrage, which now impounds the lake, was designed to generate 105 MW of hydro-electric power. This has raised water levels and reduced the magnitude of seasonal fluctuations . This, in turn, has had implications for the phumdis, which derive nutrients for plant growth when they make contact with the lake bed (Santosh and Bidan 2002, Trisal and Manihar 2004) . Higher water levels have restricted the areas where this now occurs, leading to a decline in phumdis thickness and, ultimately, loss of structural stability. have demonstrated that climate change may compound the issues associated with elevated lake water level.
This paper initially provides an overview of a water balance model of Loktak Lake and associated catchment hydrological models developed by . The water balance model is then used to simulate different options for the operation of the Ithai Barrage that focus on maximizing key ecosystem services, and one that aims to balance the water-level requirements of these different services. Finally, the sustainability of the barrage operation options in the face of projected climate change is assessed using the scenarios employed by to provide revised terms for the lake water balance model.
SIMULATION OF LAKE WATER LEVEL
The water balance model of Loktak Lake developed by is summarized in equation (1) ). This period is generally representative of mean climatological conditions over the catchment. For example, mean annual precipitation amounts at Sindga and Pallel stations, for which long-term records are available for the three complete years in this period , are within 5% of long-term means. Inputs to the lake are provided by direct precipitation onto the lake, and runoff from the sub-catchments that drain into the lake. The latter are provided by hydrological modelling of gauged sub-catchments and subsequent estimates of ungauged flows (described below). Outputs are associated with evaporation from the open water surface, evapotranspiration from phumdis, releases through the Ithai Barrage and abstractions for hydropower generation, agriculture and domestic consumption. The first two of these abstractions are limited by a minimum lake water level. Given the heavy, impermeable clays underlying the lake, groundwater exchanges are assumed to be small and were consequentially excluded from the model. The model also incorporates a component to account for releases through the barrage gates during periods of high water level. Although such releases, designed to maintain the structural stability of the barrage, did not occur during the simulation period under observed conditions, this component was included to facilitate releases that might occur under different climate change or barrage operation scenarios. Simulated monthly lake volumes are converted into corresponding lake levels using a volume-level relationship, developed by the LDA and extended by to include the surrounding lakeshore area:
where:
V is the lake volume. A major term in the lake water balance is discharge from the surrounding catchment. Flow records were available for three sub-catchments (the Thoubal, Iril and Nambul, Fig. 1 ) for the period June 1999-May 2003. The other sub-catchments are ungauged. Discharge in all the sub-catchments can be expected to be affected by projected changes in climate. Therefore, developed hydrological models for the three gauged sub-catchments and used their results to evaluate flows from ungauged sub-catchments by weighting the simulated flows by catchment area. A detailed review of the models and their development is provided by , so only a brief account is provided here.
Each hydrological model was developed using MIKE SHE, a deterministic, fully-distributed and physically-based modelling system (DHI 2005, Graham and Butts 2005) . MIKE SHE is a comprehensive system for modelling all the major processes that occur in the land phase of the hydrological cycle that has undergone decades of development (Refsgaard et al. 2010) . It has been employed in a range of environments from small (<50 km 2 and in some studies <10 km 2 ) catchments (e.g. Sahoo et al. 2006 , Dai et al. 2010 , and wetlands within catchments (Hammersmark et al. 2008 , Thompson et al. 2004 ), catchments of several hundreds or thousands of km 2 (e.g. Feyen et al. 2000 , Huang et al. 2010 to major international river basins (Andersen et al. 2001 , Stisen et al. 2008 . The models of the three sub-catchments employed the same structure, parameterization and input data (albeit with variable spatial distribution). Given the paucity of data, the approach to model calibration and validation was to initially calibrate a model developed for the Thoubal and to then apply the same calibrated parameter values to the models of the Iril and Nambul. This form of validation is described by Henriksen et al. (2008) as a proxy-basin test.
A 600 × 600-m grid was employed that retained a balance between representation of catchment characteristics, such as topography, and reasonable computational times. Topography was provided by NASA Shuttle Radar Topographic Mission (SRTM) digital elevation data (Farr et al. 2007) . Land use was spatially-distributed using a Department of Forest and Environment (Government of Manipur) digital land cover map. Flow resistance (Manning's M, the reciprocal of the Manning's n roughness coefficient) within the overland flow component was a calibration term. A single, uniform saturated-zone layer up to 80 m thick was specified and its saturated hydraulic conductivity varied during model calibration. A uniform two-layer unsaturated zone was used with an initial infiltration rate of 1.4 × 10 -6 m s -1 , based on dominant soil type and the literature (PWD 1967 , Brouwer et al. 1988 . This was subsequently varied during calibration. Other terms within the saturated zone were taken from the same sources. Daily precipitation and PET were provided by seven raingauges and four meteorological stations operated by the LDA (Fig. 1) , their spatial coverage being specified using Thiessen polygons. Survey of India 1:50 000-scale 1980 topographic maps and an IRS-1D 2002 image were used to delineate MIKE 11 river models which were coupled to MIKE SHE and simulated channel flow. River cross-sections were defined based on field surveys undertaken by the LDA. A uniform Manning's n resistance was employed for the river channels and was varied during calibration.
Calibration of the Thoubal model was based upon comparison of observed and simulated discharge at the Thoubal Bridge gauging station ( Fig. 1 ). Widely-used statistical measures of model performance (Nash-Sutcliffe coefficient, NSE; the correlation coefficient, r; and the percentage difference in observed and simulated mean daily flow, Dv) were evaluated for each model run, and used to refine the calibration. The final calibrated model of the Thoubal reproduced observed daily flow very closely with good sequencing of peak flows . Mean monthly flows and flow-duration curves derived from observed and simulated discharges were very similar, and according to the classification scheme of Henriksen et al. (2008) , which is based on NSE and Dv, the performance of the model was classed as "excellent". The proxy-basin test using the Iril and Nambul (with observed records from Moirang Kampu and Hiyang Thang, respectively, Fig. 1) showed that the models of these sub-catchments performed well. Performance was classified as either "excellent" (NSE for the Iril) or "very good" (NSE for the Nambul, Dv for both sub-catchments) suggesting a robust validation and the suitability of using simulated discharge to derive ungauged flows and subsequently estimate total catchment inflows within equation (1). a.m.s.l.). Statistical comparisons of observed and simulated lake water levels yield values of r and NSE of 0.81 and 0.80, respectively. Analysis of the water balance components shows that the annual average inputs are 3742 × 10 6 m 3 , with runoff from the catchment accounting for 91%, the remainder being contributed by direct precipitation. Mean annual outputs are 3786 × 10 6 m 3 ; releases through the gates of the Ithai Barrage account for the largest fraction (71%) of these outputs, demonstrating the over-riding importance of barrage management for lake water levels. Abstractions for hydropower generation are, on average, responsible for 20% of annual water balance outputs. The remaining terms are comparatively small:, evapotranspiration, 4%; evaporation, 3%; domestic uses, 1%; and irrigation abstraction, 1%. As indicated previously, since observed and simulated water levels did not reach the full reservoir level (Fig. 2) , no barrage safety releases occurred.
BARRAGE OPERATION OPTIONS
The ability of the lake water balance model to reproduce observed lake water levels, with no requirement for calibration, suggests that it offers the potential to investigate other options for the operation of the Ithai Barrage. The barrage is central to the management of water resources within Loktak Lake . Currently, the lake's water-level regime is more-or-less dictated by demands for hydropower generation, which, after releases through the barrage gates, accounts for the second largest output term in the lake's water balance. While there are no specific formal allocations of water for other sectors, the focus on hydropower generation through maintaining high water levels has affected other ecosystem services. In particular, elevated water levels have altered the unique ecological conditions within the lake associated with phumdis. Historically, during periods of low water level, extensive areas of these floating islands would be grounded and subsequently benefit from nutrient uptake that promoted vegetation growth (Trisal and Manihar 2004) . WAPCOS (1993) suggested that the mean lake water level before the barrage construction was 767.3 m a.m.s.l., while the results shown in Fig. 2 indicate that the mean water level under current barrage operation is 768.4 m a.m.s.l. Mean low water levels have also increased from 765.6 to 767.9 m a.m.s.l. A comparison of phumdis thickness and the bathymetric map of the lake enables an estimate of the extent of thick (>1 m) phumdis grounding both within KLNP and the wider Loktak Lake for a given water level (Fig. 3; . At the historic mean low water level, almost all phumdis would have been grounded, while under the current regime only approximately 1% and 8% of the phumdis in KLNP and Loktak Lake, respectively, will touch the lake bed at low water level. In addition, and as shown in Fig. 2 , water levels also exceed the flood level (FL) of 768.5 m a.m.s.l. in a total of 19 months, concentrated within the monsoon period, throughout the simulation period. This results in flooding of the peripheral area around the lake, which is more extensive than it was before the barrage. Trisal and Manihar (2004) suggested that an area of 63.5 km 2 is regularly inundated, and WISA (2003) estimated that these flooded areas would have otherwise yielded crops worth approximately US$4 million per annum. The inundation of lakeside villages also affects the rural poor through loss and damage to property and possessions. The present paper focuses on three key ecosystem services provided by the lake: hydropower generation, agricultural productivity and biodiversity maintenance. The latter is assumed to offer benefits for the environmental services associated with the use of the lake's biological and botanical resources. Accordingly, three different barrage operation (BO) options were developed using the water balance model, each giving priority to one of these services. The same simulation period of June 1999-May 2003 was used, and the impact of each option on the other two services was explored. Subsequently, a fourth option was developed that aims to establish a compromise by, as far as possible, satisfying the demands of the three ecosystem services. Impacts on hydropower and agriculture were assessed by comparing the demands for water from these two sectors with those which can be provided under a particular barrage operation option. The additional impacts on agriculture around the periphery of the lake were assessed by evaluating the periods when lake water levels are higher than the flood level for inundating cropped areas. The phumdis within Loktak Lake were assumed to be indicators of ecosystem health and, in turn, of the maintenance of biodiversity and associated services. Impacts of barrage operation options on this service were therefore assessed by comparing simulated lake water levels with those that grounded the phumdis during December-February. Pre-barrage water levels in these three months have been estimated to be 767.63, 767.15 and 766.61 m a.m.s.l., respectively ). The percentage of phumdis grounded within KLNP at these three water levels is 11, 31 and 66%, respectively. Corresponding values for the whole of Loktak Lake are 24, 46 and 77%, respectively (Fig. 3) . Grounding at this time of year is also beneficial as it is the rutting season of the Sangai. When extensive areas of phumdis are grounded, the Sangai are able to move unimpeded during this critical time; this is not possible when the phumdis move around the lake in response to currents and winds (Trisal and Manihar 2004) .
Option 1: prioritization of hydropower (BO1)
Within this option, demand associated with abstractions in the water balance model was maintained at current baseline conditions with the exception of hydropower abstractions (AbsH in equation (1)). These were instead set to an equivalent of 28.4 m 3 s -1 , the rated maximum capacity of the power station. This resulted in increased hydropower abstractions in 29 months compared to the baseline, and an overall increase in annual demand from 845 to 896 × 10 6 m 3 (i.e. just over 6%). This increase in the potential for hydropower generation is modest given current management of the barrage, which prioritizes electricity production. The option specified that, should the water level drop below the minimum drawdown level (MDL) of 766.2 m a.m.s.l. at the end of a given month, abstractions would be reduced in a second iteration for the same month so that water levels would be maintained just above the MDL. If this were necessary, agricultural abstractions (AbsI) would initially be reduced. Should this still result in water levels dropping below the MDL (in which case agricultural abstractions would have been completely terminated), hydropower generation would be reduced. Domestic abstractions were not subject to any water-level restrictions, since most are associated with direct abstraction by local communities around the lake. Under baseline conditions, barrage releases (O) were made in order to keep water levels below the full reservoir level (FRL). These releases were concentrated in the monsoon period, but, as discussed above, they did not prevent flooding around the lake. Given that this barrage operation option is designed to essentially replicate current operation rules, but with larger hydropower abstractions, instead of using baseline releases through the barrage, releases were only made when water levels exceeded the FL and were specified as the volumes required to replicate baseline water levels at these times. A check was made against the capacity of the barrage gates (PWD 1967) to ensure that these releases could be accommodated within the current month. If this was not possible, residual release volumes were carried over to the next month until all releases were accounted for.
The results show that it was not necessary to reduce agricultural abstractions from the lake while withdrawing the maximum demands for hydropower. This is illustrated in Fig. 4(a) , which shows the simulated water levels under BO1, as well as those for the baseline condition. Given the modest increases in hydropower abstractions, lake water levels are lower under BO1, but by, on average, only 0.05 m. The largest difference between the baseline and BO1 water levels is 0.33 m in April 2001. The monsoon period barrage releases are slightly lower than under baseline conditions (annual average: 2522 × 10 6 m 3 , compared to 2571 × 10 6 m 3 ) as a result of the increased hydropower abstractions and so can be easily accommodated by the barrage gates. However, the small reductions in lake water levels are not sufficient to meet the ecological target levels designed to ground phumdis during the period December-February (indicated on Fig. 4(a) ). Simulated lake water levels are consistently above the target levels in these three months (Table 2) . Throughout the whole simulation period, water levels only fall below the December target water level in four months (February and March 2000, March and April 2001), while they never fall below the progressively lower target levels specified for January and February (Table 2) .
Option 2: prioritization of agriculture (BO2)
This option prioritizes irrigated agricultural production and agriculture in areas around the lake that are currently routinely inundated during the monsoon period. Existing withdrawals for the 6000-ha Imphal Barrage Project (8 × 10 6 m 3 in each month between October and March) were retained, while additional withdrawals were specified within AbsI (equation (1)) for the currently non-operational 24 300-ha Loktak Lift Irrigation Project. This second scheme has a demand of 43.5 × 10 6 m 3 for months between November and February, and represents an increase in annual irrigation demand of 462%. As under BO1, this option aimed to maintain water levels above the MDL by initially reducing abstractions for hydropower generation (AbsH), which were set at baseline demands. If these reductions were insufficient to keep water levels above the MDL, reductions in agricultural abstractions were necessary, the volume withdrawn being evaluated as the difference between current storage and storage at the MDL. Barrage releases (O) were set to zero, unless water levels in any month were above the flood level (FL). In such instances, the volume of water required to reduce levels to the FL, thereby preventing inundation of surrounding agricultural land, was evaluated and specified as the barrage release. As in BO1, a check was undertaken to ensure that the volume of the release could be accommodated in one month, and, if this was not possible, residual release volumes were carried over to the following month.
The resulting water levels for BO2 are shown in Fig. 4(b) . In a number of monsoon months (nine out of the 48-month simulation period), water levels under BO2 are higher than under baseline conditions due to reduced barrage releases. For example, in August and September 2001, baseline releases caused water levels to drop just below the FL, while the operation of BO2 terminates the releases once water levels reach this level. Despite this, water levels under BO2 are predominantly lower than the baseline, with an average difference of 0.44 m. The largest difference of 1.46 m occurs in March 2001. Elimination of flooding due to water levels being maintained below the FL will benefit agricultural productivity around the lake, as well as reduce the social and economic problems that result from this inundation. Both the increased agricultural demands and existing (i.e. baseline) hydropower demands can be met in every month, although in March 2001, when water levels come within 0.02 m of the MDL, hydropower abstractions come close to being reduced. Increases in hydropower abstraction beyond the baseline could not be sustained in every month.
The lower water levels resulting from BO2 do bring some ecological benefits, with target water levels being attained or exceeded more frequently (Table 2 ). In 2000-2001, the specified ecological low water levels for December-February are exceeded, with levels being, on average, 0.13 m below the targets (Fig. 4(b) ). The lowest water level in this year (March, 766.28 m a.m.s.l.) would result in approximately 92% of phumdis around the lake and 85% in KNLP being grounded. In the preceding year, the target water level for February is just exceeded, resulting in the grounding of 81% of the lake phumdis and 71% of those in KNLP. Water levels are within 0.11 and 0.07 m of the targets in December and January, respectively. However, in 2001/02, water levels only drop as far as the December target level, albeit two months later; in the subsequent year, water levels do not reach any of the target levels. Ecological benefits derived from the grounding of extensive areas of phumdis in relatively dry years, such as the first two years of the simulation period, would thus not be sustained in wetter years.
Option 3: prioritization of ecological conditions (BO3)
Under this option, demands for hydropower and agriculture (AbsH and AbsI, respectively) were set at baseline levels representative of current demands.
The major impact of current water-level management within the lake is a reduction in the extent of grounding of phumdis during the dry season. Therefore, following the approach adopted by Ni et al. (2006) , we evaluated the volume required to draw down the current water level to the target level for DecemberFebruary after hydropower, agricultural and domestic demands had been removed. This volume was subsequently defined as a release through the gates of the Ithai Barrage (O). As under BO1, if water levels exceeded the FL, additional releases were made to reduce water levels to those experienced under baseline conditions. This barrage operation option thus prevents high water levels that may impact barrage safety, while not exacerbating flooding around the lake. The timings of the ecologically-driven drawdown and releases to prevent flooding during periods of high monsoon water levels rarely coincide. As in the previous two scenarios, the ability for the barrage gates to make these releases was assessed and, if necessary, residual releases were made in subsequent months. Throughout the simulation period, it proved possible to make all barrage releases in one month, negating the need to carry over releases into subsequent months (Fig. 4(c) ). As a result, target ecological water levels were met in each month for which they were specified ( Table 2) . Grounding of extensive areas of phumdis at the critical rutting season of the Sangai is guaranteed under this barrage operation option. At the time of lowest simulated water level (766.35 m a.m.s.l., March 2002), it is estimated that, throughout the lake, 91% of phumdis would be grounded; the corresponding figure for KNLP is 80%. With mean lake water levels 0.53 m lower than under baseline conditions, the ecological water levels are also met in a large number of other months throughout the simulation period (Table 2 ). Figure 4(c) shows that water levels throughout this period exceed the MDL; therefore, reductions in abstractions for the existing (baseline) hydropower and agricultural demands would not be necessary. However, in each year, water levels did approach this threshold, falling to within 0.09 m of it in March 2002. As discussed above, this option does not tackle the issue of flooding around the lake, and peak inundated areas replicate those under baseline conditions.
Option 4: integration of demands for three ecosystem services (BO4)
This option was designed to satisfy, as far as possible, the abstraction / water-level demands of the three ecosystem services for which individual barrage operation options were previously developed (BO1-BO3). In cases where there is insufficient water for all the demands, it is necessary to prioritize certain services. Within BO4, ecological conditions are prioritized, since services such as the provision of food (in particular fish), fodder, fibre and fuel that benefit the many rural poor within Manipur are intimately linked to ecological conditions within the lake (Trisal and Manihar 2004) . This prioritization also reflects the international significance of the lake's biodiversity. As illustrated in BO1 and, in particular, BO2, abstracting water from the lake can have environmental benefits by reducing water levels towards those target levels needed to ground extensive areas of phumdis. In this way, the size of the barrage releases made to complete this environmental drawdown while preventing marginal flooding can be reduced. However, reducing water levels to meet ecological targets may have implications for abstractions in subsequent months.
Initially, the maximum hydropower demands (i.e. those specified in BO1) were withdrawn from the lake (AbsH) if this did not cause the water level to drop below the MDL. Hydropower was prioritized above irrigated agriculture, since the LHEP is the region's only hydropower plant and is one of the major sources of electricity for the state of Manipur. As discussed above, the maximum hydropower demand represents a modest increase on current withdrawals. If it was not possible to withdraw the maximum hydropower demand without the lake water level dropping below the MDL, the approach employed in previous barrage operation options of withdrawing the maximum possible demand (i.e. the difference between the volume at the current water level at that at MDL) was used. Subsequently, where possible, existing irrigation abstractions for the Imphal Barrage Project and then the Loktak Lift Irrigation Project were simulated using the same approach, whereby withdrawals were reduced should they result in water levels below the MDL. If after these abstractions were simulated, lake water levels in any month exceeded the FL or, in the months of December-February, exceeded the environmental drawdown target levels, barrage releases were simulated (O). As in BO2 and BO3, release volumes were calculated as the difference between current storage and either storage at FL or that associated with that month's environmental target level. The viability of releasing these volumes in a given month was established with reference to the capacity of the barrage gates and, if necessary, the portion of the release exceeding this limit assigned to releases in the subsequent month until all releases were simulated.
Results for BO4 show that ecological target water levels are attained in the three months DecemberFebruary in each of the four years ( Fig. 4(d) ). Mean water levels are on average 0.69 m below baseline and, as a result, target levels are exceeded in the largest number of months of any of the options evaluated here ( Table 2 ). The lowest simulated water level of 766.26 m a.m.s.l., equivalent to the MDL, which is in March and April 2001 and March 2002, would result in 95% of phumdis within Loktak Lake and 90% within KNLP being grounded. The volumes of the releases necessary to reduce lake water levels to the targets in the three specified months are smaller than those of BO3 since monsoon releases, which prevent lake water levels exceeding the FL and thereby stop inundation of the surrounding agricultural land, mean that initial water levels before the ecological releases begin in December are lower. In addition, larger agricultural withdrawals also reduce the magnitude of the necessary ecological releases. Both these and the monsoon releases can be accommodated in any given month.
Since water levels fall to the MDL in both 2001 and 2002 there are implications for hydropower and agricultural abstractions in these two years.
In March and April 2001, the maximum demand for hydropower (equivalent to 28.4 m 3 s -1 , the maximum capacity of the power station, see BO1) could not be provided. However, the abstractions which could be withdrawn from the lake still exceeded baseline hydropower abstractions by a little over 4% and nearly 11%, respectively (compared to the 60% and 43% increases associated with the maximum demands which were possible under BO1). In March 2002, however, it was still possible to withdraw the maximum demand. Overall hydropower abstraction throughout the simulation period increases by 5% compared to the baseline suggesting the potential for modest increases in electricity production. Inevitably, given the order of prioritization of abstractions, agricultural withdrawals are reduced. The irrigation schedule for the larger Loktak Lift Irrigation Project does not include abstractions after February so that this scheme would be unaffected by the low water levels in March and April. Throughout the simulation period, the full demands from this scheme can therefore be satisfied. In contrast, it would not be possible to withdraw any of the 8 × 10 6 m 3 demanded by the Imphal Barrage Project in March 2001 while there would be a 6.1 × 10 6 m 3 (76%) shortfall in March 2002. Reductions in, or indeed the cessation of, water supplies to the scheme in what is the last month in which irrigation is required, is likely to have impacts for crop productivity. Overall irrigation abstractions increase by 455% compared to 462% for BO2, which prioritizes agriculture alone, demonstrating the very small short-fall in agricultural supplies. At present the larger Loktak Lift Irrigation Project is not operational and re-running the BO4 using the current agricultural demands (i.e. Imphal Barrage Project only) shows that while irrigation withdrawals are still not possible in March 2001, the shortfall in March 2002 is reduced to 3.0 × 10 6 m 3 (36%). In addition, the prevention of the inundation of agricultural land around the lake, which as previously noted usually impacts an area a little larger than the Loktak Lift Irrigation Project (63.5 km 2 compared to 60 km 2 ), could increase overall agricultural productivity.
Results of BO4 suggest that it is possible to provide an environmental drawdown within Loktak Lake that can allow widespread grounding of the lake's phumdis at a time which is beneficial to the Sangai deer. At the same time, the current and, with a few exceptions, the maximum abstractions for hydropower generation can be achieved and the flooding of agricultural land around the lake prevented. Maximum irrigation abstractions associated with two irrigation schemes can be maintained in all but a few months.
IMPLICATIONS OF CLIMATE CHANGE FOR BARRAGE OPERATION OPTIONS
Each of the four barrage operation options described above is based on simulations for the current climate. Given projected changes in climate and their potential major implications for water resources (e.g. Kundzewicz et al. 2007 , Bates et al. 2008 , the sustainability of each of the options under future climate scenarios should be assessed. investigated the impacts of two groups of climate change scenarios upon the water-level regime of Loktak Lake. Group 1 (CCG1) was designed to investigate the implications of different global climate model (GCM) projections for a 2 • C rise in global mean temperature, the hypothesized threshold for "dangerous" climate change (Mallon et al. 2007 , Jones et al. 2009 , Todd et al. 2010 . Scenarios were generated based on results from seven different GCMs: CCCMA CGCM31, CSIRO Mk30, UKMO HadCM3, UKMO HadGEM1, IPSL CM4, MPI ECHAM5 and NCAR CCSM30. The Group 2 scenarios (CCG2) were generated for prescribed warming of global mean temperature of 1, 2, 3, 4, 5 and 6 • C using the UKMO HadCM3 GCM. Perturbed meteorological data were derived using a delta factor approach which employed the CRU TS 3.0 data set (Mitchell and Jones 2005) as baseline data and ClimGen pattern-scaled GCM data for climate change scenarios (see , Todd et al. 2010 . For each scenario, perturbed precipitation and PET inputs were applied to each of the three MIKE SHE models to provide revised river inflows to Loktak Lake with, as under baseline conditions, ungauged sub-catchments' discharge being evaluated by weighting MIKE SHE modelled discharges by sub-catchment area. Subsequently these revised inflows were applied within the lake water balance model with similarly perturbed precipitation, evaporation and evapotranspiration data. All other terms in the water balance model were set at baseline levels, although if water levels reached the full reservoir level (FRL) additional barrage releases were simulated (S in equation (1)), while, as described in equation (1), abstractions for hydropower and irrigation were reduced or curtailed completely under low (<MDL) water levels. detailed the impacts of the climate change scenarios. In the majority of CCG1 scenarios, increases in annual precipitation outweigh enhanced evapotranspiration. As a result, total annual river flow contributions to Loktak Lake increase by on average between 2% (NCAR) and 27% (MPI), although these increases are concentrated in the monsoon season, with most scenarios showing reduced dry-season flows. The exception is the CSIRO GCM, which results in an overall decline in annual river inflow of 6%, although peak monsoon flows do increase. Given the dominance of river inflows within the water balance of Loktak Lake, most scenarios are associated with increases in mean lake water level (Fig. 5(a) ) which range in magnitude between 0.11 m (NCAR) and 0.78 m (CCCMA). The exception is again the CSIRO GCM, which results in a reduction in mean lake level of 0.47 m with dryseason levels dropping below the MDL, preventing hydropower and irrigation abstractions that were possible for all the other CCG1 scenarios. However, even this scenario causes water levels to reach the FRL in some months (three out of the 48-month simulation period) necessitating additional barrage releases. Such releases are necessary in all the other scenarios, with their frequency varying between 1 month (NCAR) and 16 months (CCCMA). In every case it is possible to make these required releases in the month they are required. Although, in most cases, dry-season water levels are still higher than baseline conditions, the lower river inflows coupled with higher evapotranspiration at this time of year mean that the magnitude of the drawdown from peak to low water levels increases. For the CCG2 scenarios, annual precipitation and evapotranspiration increase linearly with each 1
• C increase in temperature. Absolute increases in precipitation are larger than those for evapotranspiration so that total annual river inflow to Loktak Lake increases by between <0.1% (1 • C) and 27% (6 • C). The largest increases are in the monsoon season, with flows in some dry-season months decreasing. As a result, mean lake water levels increase systematically by between 0.30 m (1 • C) and 0.78 m (6 • C) (Fig. 5(b) ). Additional barrage releases when lake water levels exceed the FRL are necessary in all the Group 2 scenarios, with their frequency increasing with higher temperatures (2 months for 1 • C, 15 months for 6 • C). As with the CCG1 scenarios, it is possible to make the required releases within a given month, while hydropower and irrigation abstractions are possible throughout the simulation period for each scenario. Dry-season lake water levels are predominantly higher than the baseline, but for the higher temperature scenarios the magnitude of the peak to low water-level drawdown is greater.
Each of the four barrage operation options was simulated for the 13 climate change scenarios (seven in CCG1, six in CCG2). The same rules were employed in each case. The impacts of the climate change scenarios were compared to a baseline, which is taken to be the current barrage operation option under baseline (unperturbed) climate. These are referred as BOn-Baseline (e.g. BO1-Baseline).
Climate change implications for BO1
Figure 6(a) and (b) shows simulated lake water levels for BO1 under the Group 1 and Group 2 climate change scenarios, respectively (referred to as BO1-CCG1 and BO1-CCG2). Baseline water levels associated with BO1 with unperturbed climate (BO1-Baseline) are also shown. In both sets of scenarios the influence of the predominantly higher monsoon river inflows is eliminated by barrage releases designed to reduce water levels that exceed the FL to those experienced under baseline conditions. In all scenarios, the Ithai Barrage gates are able to accommodate such releases in the months when they are necessary. The enhanced dry-season drawdowns, resulting from higher evapotranspiration at a time of the year when river inflows and precipitation are relatively low under baseline conditions, and which decline under many of the climate scenarios, are evident, especially for BO1-CCG1 (Fig. 6(a) ). As a result, mean lake water level compared to the BO1-Baseline declines under all scenarios with the magnitude of this reduction varying between 0.07 m (CCCMA) and 0.32 m (CSIRO) for the CCG1 scenarios (Table 3) and −0.04 m (1 • C) and −0.13 m (2 • C) for the CCG2 scenarios (Table 4) . Changes in water level for this second group of scenarios are concentrated in the last two years of the simulation period and there is no consistent pattern in changes in water level with higher temperature. This is due to differences in the rates that dry-season evapotranspiration increases and precipitation, and hence river flow, declines with rising temperature.
The lower water levels under all the climate change scenarios do not affect the ability of the lake to sustain the maximum hydropower, and current irrigation abstractions that under baseline (unperturbed) climate are also possible. They do have some benefits related to the water-level requirements of the phumdis. Although target water levels specified for December-February are not attained for any of the climate change scenarios, the frequency with which levels drop below these targets at other times increases. The December target level, which under BO1 with baseline climate (Table 2) was exceeded (i.e. levels lower than the target) in four months, is exceeded in between six (CCCMA) and 16 months (CSIRO) for the CCG1 scenarios. Under the CCG2 scenarios this increases to between either five or six months for all the rises in temperature, except 2 • C when the December target is reached in nine months. As noted previously, these changes for CCG2 are associated with the last two years of the simulation period. All the CCG1 scenarios result in water levels falling as far as the January target level in between one month (CCCMA) and nine months (CSIRO) while two (CSIRO and IPSL) result in water levels reaching the February target level in April 2002. Under BO1 with baseline climate, these two target levels were not attained ( Table 2 ). The lower of these two target water levels is not reached in any of the CCG2 scenarios, although January's target level is attained in one month for both the 5 • C and 6 • C scenarios and three for the 2 • C scenario.
Climate change implications for BO2
Simulated lake water levels for BO2 under the Group 1 and Group 2 climate change scenarios (BO2-CCG1 and BO2-CCG2) are shown in Fig. 6 (c) and (d), respectively. Baseline water levels associated with BO2 with the current climate (BO2-Baseline) are also shown. Analysis of the revised water balance shows that the larger outputs associated with the barrage releases, which result from the requirement of maintaining water levels below the FL combined with the higher monsoon river inflows under the climate change scenarios, can be accommodated by the Ithai Barrage. In this way, the benefits associated with the elimination of flooding around the lake can be maintained under all of the climate change scenarios. However, since water levels at the beginning of the dry-season drawdown are lower as a result of these releases, the enhanced drawdowns under the climate change scenarios have implications for some abstractions and result in overall lower mean lake water levels (Tables 3 and 4 ). In March 2001 agricultural abstractions, which at this time of year are just for the smaller Imphal Barrage Project, are not possible under the IPSL and MPI CCG1 scenarios. Irrigation abstractions, which under this barrage operation option are associated with the maximum demands from both the Imphal Barrage Project and the Loktak Lift Irrigation Project, are possible in all other months for these two scenarios and throughout the simulation period for the other five CCG1 scenarios. The prioritization of the larger irrigation abstractions results in water levels reaching the MDL at some point for all these scenarios and in turn leads to reductions in hydropower abstractions, which under this barrage operation option are removed after irrigation demands have been satisfied. The frequency of these reductions varies from one month (HadCM3, HadGEM and NCAR with between 41 and 91% of hydropower demands in March 2001 being satisfied) to eight months (CSIRO with, on average, 53% of hydropower demands being satisfied in these months, although in March 2001, no abstractions were possible). Under the CCG2 scenarios, irrigation and hydropower abstractions are possible for all increases in global mean temperature except 2 • C (equivalent to the CCG1 HadCM3 scenario). This is associated with the lowest mean lake water levels (Table 4 ) and, as previously reported, results in reduced hydropower abstractions (41% of demand) in March 2010.
As discussed above, BO2 under baseline climate has some potentially positive outcomes for ecological conditions within Loktak Lake. The lower water levels under all of the climate change scenarios increase the frequency with which target water levels are attained. With the exception of the NCAR GCM, all the CCG1 scenarios result in the target water levels for both December and January being met in the correct month twice compared to only once with baseline climate (Table 2 ). There is, however, no increase in the frequency of the lowest target level being attained in February, while both HadCM3 and NCAR result in the level being reached in only one February compared to two under baseline climate. The 2 • C and 4-6 • C CCG2 scenarios also increase the frequency of the highest target level being attained in December from one to two months. There is little change for the lower target levels with the exception of 2 • C (equivalent to CCG1 HadCM3). The frequency with which target water levels are met at other times increases. For the CCG1 scenarios, the number of months when the December target level is attained ranges from 16 (CCCMA) to 22 (CSIRO) compared to 12 for BO2-Baseline. A similar pattern is evident for the two lower target levels with, for example, the CSIRO scenario resulting in the lowest (February) level being attained in 11 months compared to only four under BO2-Baseline. Similarly, under the CCG2 scenarios the December target level is met in between 13 months (3 • C) and 18 months (2 • C). January's target level is met in as many as 12 months (CSIRO) compared to six under BO2-Baseline, although most scenarios result in only small changes (five to eight months). The lowest (February) target level is not reached under one (3 • C) scenario with the frequency for the others being in the range one to three months.
Climate change implications for BO3
Figure 6(e) and (f) show the simulated lake water levels for BO3 under the Group 1 and Group 2 climate change scenarios (BO3-CCG1 and BO3-CCG2), respectively, as well as those for BO3 with baseline climate (BO3-Baseline). The releases required to reduce lake water levels to the targets in DecemberFebruary can be easily achieved within the specified month given the capacity of the Ithai Barrage gates. Releases in monsoon months are lower than those of BO2, since this barrage operation option only aims to maintain baseline water levels at this time of year instead of eliminating inundation around the lake. As a result, the December-February target levels are attained in all the climate change scenarios. The enhanced dry-season drawdowns for many of the scenarios increase the frequency with which these target levels are attained in other months. The largest change is associated with the CSIRO CCG1 scenario in which December, January and February target levels are attained in 24, 19 and 13 months, respectively, compared to 21, 16 and 8 months for BO3-Baseline (Table 2 ). The HadCM3, IPSL and MPI scenarios generally increase the frequency with which target water levels are attained, while CCCMA is the only GCM in which this frequency consistently declines (20, 13 and 6 months, respectively). The remaining two CCG1 scenarios result in variations in the nature of change for different target levels. There is comparably less change with the CCG2 scenarios. The 2 and 3
• C scenarios increase the frequency with which the December target level is attained (from 21 to 22 months in both cases) while all the other scenarios result in a decline to 20 months. With the exception of the 6 • C scenario (decline from 16 to 15 months), there is no change for the January target level, and only the 2 and 3 • C scenarios change the frequency for the lowest February target (from 8 to 9 and 10 months, respectively).
The lower water levels resulting from BO3 under the climate change scenarios (Tables 3 and 4) inevitably have implications for abstractions for hydropower and agriculture. As described above, with baseline climate it is possible to reduce water levels for ecological purposes while satisfying existing demands. However, all of the climate change scenarios result in lake water levels dropping below the MDL at some time. For the CCG1 scenarios, this only occurs in one month (March 2002) for the CCCMA, HadGEM and NCAR GCMs. For the former, the full demands for hydropower (which are abstracted before agriculture) can still be satisfied, but no agricultural withdrawals are possible. Similarly, for the HadGEM and NCAR scenarios it is not possible to satisfy any agricultural demands in this one month while hydropower abstractions are reduced by 15 and 8%, respectively, compared to the monthly demand. The greatest frequency (seven months) when water levels drop below the MDL, is associated with the CSIRO GCM closely followed by the IPSL scenario (six months). For the former, agricultural demands are not possible in six months (one month when water levels drop below the MDL, May 2003, is outside the irrigation period) while irrigation is not possible in four months and abstractions are reduced by two thirds in another month under the IPSL scenario. Although in every month when levels fall below the MDL some hydropower abstractions are possible, they are lower than the demands (by on average 39 and 26% for CSIRO and IPSL, respectively). For the CCG2 scenarios, water levels are lower than the MDL for three months for scenarios up to a 4
• C increase in mean global temperature and for four months thereafter. Hydropower abstractions are possible throughout the simulation period for the 1 and 3 • C scenarios, while modest reduction (between 6 and 21%) are necessary in one (4
• C), two (2 • C) or three (5 and 6 • C) months. All the CCG2 scenarios result in months when agricultural abstractions are reduced or are not possible. The latter occurs in one month for the 4 • C scenario (with average reductions of 81% in another two months), two months for the 2 • C scenario and three months in both the 5 and 6 • C scenarios (with a reduction of 13% in a further one month for the latter). Agricultural abstractions are reduced (by, on average, 29%) in three months for the 1 • C scenario and two months (average reduction 56%) for the 3 • C scenario.
Climate change implications for BO4
Lake water levels simulated for BO4 under the two groups of climate change scenarios (BO4-CCG1 and BO4-CCG2, respectively) are shown in Fig. 6 (g) and (h) alongside those for BO4 with baseline climate (BO4-Baseline). The magnitude of monsoon releases designed to prevent flooding are similar to those of BO2 under the climate change scenarios and can be safely accommodated by the Ithai Barrage. In many cases, abstractions for hydropower and agriculture, combined with the enhanced dryseason drawdowns associated with the climate change scenarios, are sufficient for water levels to reach the target levels between December and February without releases through the barrage gates. Two CCG1 scenarios (CSIRO and ISPL) result in increases (of between one and three months) in the frequency with which all three target levels are attained throughout the simulation period, while the CCCMA GCM is the only scenario to result in a reduction in the frequency (of either two or three months) at which these three targets are reached. For the remaining four CCG1 scenarios, the direction of change varies, although most (seven out of the total 12 three-month-four-scenario combinations) show no change compared to BO4-Baseline. As with BO3, there is comparably less change with the CCG2 scenarios. No one scenario shows consistent increases or decreases in the frequency with which the three target water levels are attained throughout the simulation period. For increases in global mean temperature of 3 • C and higher, the frequency with which water levels fall as far as the highest (December) and lowest (February) target levels decreases by one month (two in the case of the December level for 3 • C), while there is no change in the frequency for the January target level. The 1 • C scenario increases the frequency by one month for the highest and lowest levels with no change for January, while, under the 2 • C scenario, only the frequency for the lowest level changes (a decline of one month). Of all the barrage operation options, the frequency with which abstractions for hydropower and agriculture are impacted by the climate change scenarios is greatest for BO4. As with BO3, all the climate change scenarios result in lake water levels falling below the MDL at some point. For the CCG1 scenarios the number of months when this occurs varies from four (HadGEM) to 11 (CSIRO). The maximum hydropower abstractions are not possible in between two (CCCMA and NCAR) and eight (CSIRO) months. In the two scenarios with the lowest frequency of interruptions to maximum hydropower abstractions, some hydropower generation is still possible, although actual withdrawals in the impacted months are on average only 39% and 24% of demands, respectively. In other scenarios no hydropower abstractions are possible in one month (CSIRO) or three months (IPSL and MPI). Agricultural abstractions are also impacted with withdrawals being limited in between four (HadCM3) and eight months (IPSL and MPI). All of the CCG1 scenarios result in at least two months when no agricultural abstractions are possible, while in three scenarios (CSIRO, IPSL and MPI), no withdrawals for irrigation occur in four months. Mean reductions in agricultural abstractions in those months where some, but not the maximum demands, can be supplied range between 32% (CCCMA) and 71% (IPSL). Under the CCG2 scenarios, lake water level is below the MDL for four months, except for the 2
• C scenario (six months). Hydropower abstractions drop below the maximum, although some (on average between 51 and 78% of monthly demand) are still possible, in four months (five for 2 • C). Agricultural abstractions are completely curtailed in two months (March 2001 and March 2002) for each CCG2 scenario, with the exception of the 2 • C scenario, in which no withdrawals can be made in one additional month (March 2003) , while in another (February 2003) , withdrawals are 68% of maximum demand, which at this time of year is associated with both the Imphal Barrage Project and Loktak Lift Irrigation Project.
DISCUSSION
The water balance model of Loktak Lake, which includes terms representing the major inputs (including catchment discharges provided by fully distributed hydrological models) and outputs (including abstractions for hydropower and agriculture), successfully reproduces the observed lake water levels for a four-year period, as dictated by data availability. As shown by , the simulated lake water levels for the period June 1999-May 2003 demonstrate the impact of the current operating regime for the Ithai Barrage. Crucially, this results in higher water levels (by on average 1.1 m) compared to pre-barrage conditions. The rationale for these high water levels is the perceived need to impound large volumes of water during the monsoon in order to maintain supplies for hydropower, the environmental service provided by the lake's water, which has been given priority over others. This tradeoff between environmental services has resulted in the deterioration of the ecological conditions within the lake, most dramatically leading to the decline in the phumdis, which are intimately linked to the provisioning (e.g. vegetation for food, fuel, medicine and building) and biodiversity services provided by the lake. Although water is also abstracted for irrigation on the 60-km 2 Imphal Barrage Project, a slightly larger area (63.5 km 2 ), is routinely flooded as a result of the raised lake levels. The focus on a single environmental service, hydropower, has therefore impacted upon other services provided by the lake, as well as its ecological integrity. This is commonplace where management practices are largely dictated by the requirements associated with one favoured ecosystem service (Bharati et al. 2009 , McCartney 2009 ).
Trade-offs between the different ecosystem services provided by Loktak Lake have been investigated using the water balance model. The first three barrage operation options developed illustrate the impacts of barrage management that favours one service over the other two services investigated. The option that aims to maximize hydropower generation (BO1) represents only a slight modification to current management practices, with-unsurprisingly given the historic focus on this service-only a modest increase in the potential for hydropower generation. It does not compromise existing agricultural abstractions and has no further impacts on the inundation of land around the lake. Water levels remain high, however, compared to ecological targets. Option BO2 (prioritization of agriculture) demonstrates that enhanced abstraction for agriculture through the inclusion of the currently non-operational but much larger Loktak Lift Irrigation Project has ecological benefits in some, but not all, years by reducing lake levels through the dry season towards those defined as ecologically beneficial. This situation is also facilitated by monsoon releases from the barrage that prevent marginal flooding. These lower water levels do not compromise existing hydropower abstractions. The positive ecological impacts, at least in terms of water levels, of enhanced agricultural abstractions differ from many of those reported by Lemly et al. (2000) and Kingsford et al. (2006) , where agricultural abstractions upstream have reduced water supplies to wetlands downstream. However, increased agricultural production may have other knock-on impacts, such as enhanced nutrient enrichment, reported in parts of the lake already (Trisal and Manihar 2004) , and elevated concentrations of agricultural pesticides brought to the lake by irrigation return flows. Simulation of BO3 (prioritization of ecological conditions) shows that it is possible to release water in three dry-season months to achieve ecologically targeted water levels with benefits for the phumdis and associated ecological services, while at the same time maintaining current abstractions for hydropower and agriculture. This demonstrates that the current practice of maintaining high levels for the benefit of hydropower is unnecessary, and suggests that trading-off hydropower against the ecological integrity of the lake can be avoided. However, under this barrage operation option, flooding around the lake still persists.
Both BO2 and BO3 represent improvements over current water-level management, although some issues remain: high dry-season water levels in some years (BO2) and lakeside flooding (BO3). The final barrage operation option (BO4) attempts to integrate the demands of the three ecosystem services. Our study demonstrates that, for most of the simulation period, releases from the barrage can meet ecological target water levels and prevent lakeside inundation, while also supplying the maximum hydropower and agriculture demands. In the two months when maximum hydropower demands could not be met, withdrawals were still greater than those which occurred under baseline conditions, suggesting the potential for very modest increases in electricity production in every month of the simulation period. Although irrigation supplies to the Loktak Lift Irrigation Project can be satisfied, abstractions for the existing irrigation scheme are reduced in one month and are prevented in another. One way of avoiding these relatively small shortfalls in demand could be to permit monsoon water levels to rise above the flood level of the barrage so that subsequent drawdowns due to agricultural abstractions would have more water to draw upon. This would, of course, re-instate flooding around the lake. Assessments of the relative economic, as well as social, costs and benefits of safeguarding relatively large-scale irrigation production, compared to flooding of lakeside agriculture and communities, would be necessary to optimize such a trade-off (e.g. Barbier and Thompson 1998) .
Implementation of this more integrated approach to management of the Ithai Barrage, Loktak Lake and its ecosystem services, would require changes in the current institutional framework. The activities of government agencies involved in different aspects of environmental management, which include the NHPC, the Forest, Irrigation and Flood Control, and Fisheries departments of State Government, have historically been largely uncoordinated . Such sectoral management, in which the demands for hydropower have dominated, typically result in useand user-conflicts; conflicting policies and resource degradation have been identified in many similar situations (Gichuki et al. 2009 , Prato 2009 ). The demonstration that water levels do not have to be as high as they currently are in order to maximize hydropower generation, illustrates the sub-optimal use of resources that typifies sectoral management. Integrated management, which would bring together the different agencies currently involved in the management of Loktak Lake (e.g. Ramsar Bureau 1999 , UN/WWAP 2003 , is thus an essential requirement. Linked to this would be the development of monitoring programmes and more transparency in data sharing between different agencies. As previously noted, much of the data employed in this study were collected as part of an externally financed project. Much of the data collection was terminated with the end of the project . Re-establishment and extension of monitoring networks is therefore an urgent priority if optimal management of Loktak Lake and its ecosystem services is to be achieved.
The requirement for monitoring is enhanced if management is to respond to the challenges posed by climate change. There is some uncertainty in projected changes associated with different GCMs and the magnitude of warming . However, the predominant trend is for enhanced precipitation and, hence, river flow in the monsoon, leading to higher lake water levels. Dry-season precipitation is projected to characteristically decline and, when coupled with enhanced evapotranspiration, river inflows at this time are also projected to be smaller. Simulation of each of the barrage operation options under perturbed climate shows that it is still possible to make specified barrage releases given the existing capacity of the Ithai Barrage gates, despite the higher monsoon inflows, which addresses a concern identified by as requiring attention. The impacts of enhanced monsoon precipitation and, in particular-given its pre-eminence within the lake's water balance-river flow, upon the sustainability of each of the barrage operation options can therefore be mitigated. However, larger releases from the barrage combined with potential increases in monsoon flows from lower tributaries may have implications, such as enhanced flooding in areas downstream. Careful management of barrage releases to avoid damaging floods would be necessary, and would require the integrated management and monitoring previously advocated.
Lower dry-season inflows and higher open water evaporation and evapotranspiration from the lake's phumdis have the result of increasing the natural drawdown of lake water levels. For BO1, this has some potentially positive ecological effects by bringing lake levels closer to the target levels, while not preventing maximum and existing hydropower and agricultural abstractions, respectively. However, for the other barrage operation options, enhanced evaporative drawdowns begin to impact on these withdrawals. The largest shortfall is associated with BO4, which attempts to integrate the demands of these abstractors with the lake ecosystem's waterlevel requirements. Reductions in water available for hydropower generation will have inevitable economic consequences, while agricultural production on the irrigation schemes which depend upon the waters of the lake may have to be reduced, most appropriately through a reduction in the area which is irrigated. It should be noted that the demands for agriculture under each of the climate change scenarios are based on existing irrigation schedules. Modified evapotranspiration rates, combined with reduced dry-season precipitation, may alter the water demands of the irrigation sector which may, in turn, change the incidence and magnitude of irrigation deficits.
There are other areas of uncertainty regarding future conditions of Loktak Lake and its catchments. For example, within the MIKE SHE models developed for three of the sub-catchments, land cover remained unchanged under each of the climate change scenarios. This approach is widely adopted in modelling studies of the hydrological impacts of climate change (e.g. Fowler and Kilsby 2007 , Johnson et al. 2009 ). However, it is possible that the distribution of vegetation, and, in turn, the model parameters used to represent it, such as leaf area index and root depth, may change as a result of modified temperature, precipitation and evapotranspiration. Similar changes can be expected if the deforestation that is taking place within the catchment continues. An assessment of the sensitivity of runoff to land cover change is proposed for future research using the MIKE SHE models. Also linked to deforestation within the catchment are the potential impacts on soil erosion. As discussed by , some enhanced erosion has been attributed to deforestation, while enhanced sedimentation following forest clearance has been reported in lakes within the Himalayan region (Jain et al. 2002 , Rai et al. 2007 . Were this to occur within Loktak Lake, the volume-level-area relationship employed within the lake water balance model would be expected to change. Incorporating these changes into the model results presented in this paper would require that sediment accumulation rates and their spatial distribution be included within future monitoring programmes developed for the lake.
CONCLUSIONS
Loktak Lake exemplifies the issues associated with trade-offs between different wetland ecosystem services. Hydrological model results show that prioritization of hydropower generation, which has dominated management of the Ithai Barrage since its construction, has resulted in raised lake water levels and the prevention of the historic dry-season drawdown. The consequent deterioration of ecological conditions within the lake has potential impacts on other ecosystem services, especially those associated with the phumdis, which are a special feature of this particular wetland. The water balance model of the lake has enabled the development of a series of different barrage operation options, which prioritize three environmental services: hydropower, agriculture and the wider lake ecosystem and its associated services. This has facilitated the assessment of trade-off between different ecosystem services. The results show that the waters of the lake do not have to be maintained at their current high levels in order to safeguard current hydropower generation. The current practice of trading-off the lake ecosystem against hydropower generation is therefore not necessary. Enhanced abstraction for agriculture, coupled with releases to prevent inundation of lakeside agricultural areas, would have positive impacts on the lake ecosystem, at least in terms of waterlevel regime, while it would be possible to produce environmentally-driven drawdowns in the lake level at the same time as satisfying current hydropower and agriculture demands. Simulation of a fourth barrage operation option shows that, with the exception of a few dry-season months when hydropower and agricultural abstractions are reduced, and in one case prevented, it would be possible to balance the abstractions and water-level requirements of the three ecosystem services. The introduction of such an integrated solution would require significant changes in institutional arrangements for water management, including investment in monitoring.
The sustainability of the barrage operation options under future climate change has been assessed for 13 different climate change scenarios. The higher monsoon precipitation and, hence, river inflows to the lake that are projected under most scenarios, do not compromise the ability of the gates of the Ithai Barrage to make the releases specified within each of the barrage operation options. However, lower dryseason precipitation and river inflow, coupled with enhanced evaporative demands, increase the natural lake water drawdown. Although this may have some relatively small ecological benefits in terms of lake water levels for the barrage operation option that prioritizes hydropower, and that is close to current management, abstractions for hydropower and agriculture under the other options are impacted on in the dry season, with the integrated option being most affected. These results demonstrate the need to consider both current and potential future climatic conditions when developing water-level management for wetlands.
